We examined the relationships between actin-myosin interaction and bile canalicular contraction using a new experimental model: cytoskeleton-enriched canalicular membranes (CCM). In CCM, the bile canaliculus compartment is isolated complete with membrane-attached pericanalik actin filaments and the SutLOunding intermediate filament sheath. Immunofluo"~ce and immunoelectmn microscopy showed that actin and myosin-II were distributed over pericanalicular microfilaments that insert into adherens (belt) junctions; intermediate filaments predominantly inserted into desmosomes. The addition of "contraction solution" (1 pM Caz+, 1 mM ATP) resulted in closure of CCM lumens, which was interpreted as canalicular contraction. Contraction was also associated with shortening andlor twisting of canaliculi.
Introduction
Current fractionation methods for providing bile canaliculusenriched plasma membrane fractions of rat liver yield canalicular membranes to which actin microfilaments and intermediate filaments are attached (1 1,47). However, the filamentous component is scanty and does not include the intermediate filament sheath that surrounds the pericanalicular actin filaments (24, 58) . This intermediate filament sheath defines the outer limit of the bile canalicular compartment of the liver cell (40) and appears to stabilize the bile canaliculus by providing mechanical support and/or by acting as a scaffold for the pericanalicular actin filaments (12,13,24,37) .
In standard canaliculus-enriched plasma membrane preparations of hepatocytes (11,47), canalicular components are very difficult and frequently impossible to visualize by light microscopy. It is known that actin is present in such preparations (14, 17, 36, 57) , but in a previous electron microscopic study of these preparations (Funatsu and Phillips, unpublished observations), after addition of a contraction solution (1 pM Ca*+, 1 mM ATP) we observed retraction of pericanalicular filaments into the canaliculus membrane, but bile canalicular contractions (change in caliber of the canalicular lumina) were irregular and difficult to evaluate. The results suggested that a change in distribution of the microfilaments occurred but that canalicular contractions were ineffectual because the microfilament network was extensively disrupted and incomplete, a problem inherent in the procedure for the preparation of the membrane fractions.
We report here a method for isolation and study of the bile canalicular compartment of the liver cell with surrounding actin filaments and intermediate filaments in relatively intact condition. Cytoskeleton-stabilizing buffers were used instead of the bicarbonate buffers used in standard isolation methods (11.47). The apical cytoskeleton-enriched canalicular membrane (CCM) preparations obtained are composed of the bile canalicular membrane, canalicular microvilli, the actin filament cores of microvilli, the pericanalicular adherens junction-associated actin filament band, junctional complexes, and intermediate filament sheath. The method does not preserve microtubules, however. In many of these respects, the CCM is closely analogous to intestinal brush border membrane (BBM)preparations (19, 26, 31) . The BBM has been used as aprototype for the study of structural, functional and regulatory properties of native microfilaments in epithelia (15), and it is a model against which other microvillous structures are compared (3). It is well known that BBM, when exposed to Ca2+ and ATP (contraction solution), undergo forceful contraction (6,25,26,31,32,44). To evaluate the involvement of the pericanalicular cytoskeleton in the contraction of CCM, immunolabeling of intermediate filaments, actin filaments, and myosin-I1 were examined, before and after exposure to the contraction solution.
A brief note is warranted here on what is meant by contraction. Contraction in this report always refers to canalicular (CCM) narrowing or constriction. It is recognized that it is more than this, however, since the CCM also appear to twist. The degree of contraction is assessed by estimating the degree of narrowing of the space between canalicular membranes; when a single line is seen, the lumen is interpreted as being completely closed, i.e., fully constricted or maximally contracted. An important point is that contraction in this report refers to canalicular contraction, not to actin filament contraction; there is no evidence for the latter but, as is shown, an interaction of actin filaments with myosin-I1 is likely and a shift in the actin-myosin complex appears to occur in these preparations.
Materials and Methods
Preparation of Cytoskeletal Canalicular Membranes. Female Wism rats (Charles River Laboratories; Wilmington, MA), weighing 170-200 g, were maintained in a constant temperature environment (22°C) and allowed free access to Purina rat chow (Ralston Purina; St Louis, MO) and water ad libitum.
The animals were anesthetized with sodium pentobarbital and the liver perfused via the portal vein with ice-cold physiological saline to eliminate blood cells from liver. The liver was rapidly removed and washed with Solution A, which consisted of 75 mM KCI, 5 mM MgC12, 1 mM ethylene glycol-bzs (P-aminoethyl ether) N,N,N',N'-tetraacetate (EGTA), 10 mM imidazole-HCI, pH 7.2, 1 mglliter aprotinin, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). The specimen was then weighed. Solution A was added to a total volume in milliliters equal to twice the liver weight in grams and the liver was then homogenized with a Polytron Homogenizer (Brinkman Instruments; Westbury, NY). The homogenate was filtered twice, initially through four layers of cotton gauze, 20 x 20 cm (Kendall; Toronto, Ontario, Canada), and then through eight layers. The filtered homogenate was centrifuged at 500 x g for 5 min and at 1000 x g for 10 min. The supernatants were removed and discarded. Pellets were suspended in Solution B (75 mM KCI, 5 mM MgCl2, 1 mM EGTA, 1 mg/liter aprotinin, 0.1 mM PMSF, and 10 mM imidazole-HCI, pH 6.9) by gentle homogenization with a Dounce homogenizer. The homogenate was further diluted with Solution B and was centrifuged at 1000 x g for 10 min. The resulting pellets were combined, and Solution B was added to a total volume in milliliters equal to the original weight of the liver in grams. The pellets were homogenized gently again.
The canalicular membranes were then isolated on a discontinuous sucrose density gradient as follows: 5.5 volumes of sucrose density 1.26 were added to the suspension with gentle stirring for 1 min to disrupt membrane aggregates and to obtain a final density of 1.22. After mixing, 15-ml aliquots of the membrane suspensions, density 1.22. were put into ultracentrifuge tubes and overlayered with 9 ml of sucrose, density 1.18, and then with 3 ml of sucrose, density 1.16. After centrifugation at 66,000 x g for 60 min, the membrane layer at the 1.16-1.18 interface represented bile canaliculus-enriched fraction. All procedures were done at 4°C. The isolated CCM were maintained at 37°C in 75 mM KCI, 5 mM MgC12, 1 mM (EGTA), 0.2 mM dithiothreitol (DIT), 25 mM piperazine-N,N'-bzs-[2-ethane sulfonic acid] (PIPES), pH 6.9 (Solution C). All solutions used were prepared within 24 hr of use.
Contraction Solution and Controls. Control samples of CCM were incubated in Solution C. Canalicular membranes were also exposed to Solution C containing CaCl2 (free Ca2' 1 x M) with or without 1 mM adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), or the nonhyrolyzable ATP analogue adenylylmethylenediphosphate (AMPPCP) (Sigma), or with 1 mM ATP alone. The final concentration of calcium and ATP in the contraction solution was 1 pM Ca2' and 1 mM ATP at pH 6.9, as reported by others (25,26). The free Ca" in solution was calculated by the formula of Fabiato and Fabiato (S), which takes into consideration pH, magnesium, EGTA, and ATP, which affect the level of free Ca2+ in solution.
Fluorescence Microscopy. Canalicular contraction, defined as a reduction in canalicular lumen diameter, was assayed by incubating CCM in control and contraction solution at 37'C in a temperature-controlled chamber. Ten minutes after incubation the bile canalicular membranes were fixed with 1% paraformaldehyde and 0.1% glutaraldehyde in Solution D (75 mM KCI. 5 mM MgC12, 1 mM EGTA, 25 mM PIPES, pH 6.9) for 15 min at 4'C. After washing thoroughly with 50 mM lysine in Solution D, samples were stained with 1.5 x 1 0 ' ' M rhodamine phalloidin (Molecular Probes; Eugene, OR) at 4'C for 30 min and were examined in a Nikon fluorescence microscope (Diaphot TMD-EF) equipped with a G filter cassette (exciting filter 535-550 nm, dichroic mirror DM 580 nm, absorption filter 580 nm).
For immunofluorescence staining of cytokeratin, actin, and myosin-11, bile canalicular membranes treated with or without contraction solution were fixed as described above and washed with 50 mM lysine in Solution D. They were incubated with non-muscle myosin antibody prepared in rabbits from human platelet myosin-I1 (Biomedical Technologies; Stoughton, MA), actin antibody (Biomedical Technologies), or cytokeratin antibody (Dako; Santa Barbara, CA) at ambient temperature for 1 hr. The primary antibodies were subsequently visualized by a 45-min incubation with fluorescein isothiocyanate (FIE)-conjugated goat antibody to rabbit IgG (Miles Scientific; Naperville, IL). In all experiments, the omission of the primary antisera was used as a negative control. Intestinal brush border preparations prepared by the method of Keller et al. (25) were used as positive controls.
The specimens were analyzed using a Nikon fluorescence microscope equipped with a B1 filter cassette (exciting filter 420-483 nm, dichroic mirror DM 510 nm, absorption filter 520-560 nm). Some specimens were simultaneously stained for actin with rhodamine-phalloidin. Combined images (e.g., rhodamine-phalloidin plus cytokeratin-FIE) were obtained by changing the appropriate excitation filter between exposures.
Electron Micrompy and Immunogold Labeling. CCM used for transmission electron microscopy were fixed at 4°C for 30 min with 1.2% glutaraldehyde, 0.2% tannic acid in Solution D, post-fixed with 0.25% osmium tetroxide (0sO.i) in Solution D for 10 min, dehydrated in graded ethanol series, and embedded in Epon. Before dehydration, samples were stained with 2% uranyl acetate solution. These sections were counterstained with Sato's lead solution (45) and viewed and photographed with a Philips EM 400T electron microscope. Immunoelecuon microscopy was performed with both pre-embedding and post-embedding methods. Each technique has advantages and disadvantages. The pre-embedding method has the advantage of better fixation but poorer visualization of the gold label, whereas the post-embedding method yields enhanced gold labeling and poorer fixation; the latter method, however, permits double labeling.
In the pre-embedding method, isolated bile canalicular membranes were pre-fixed with 1% paraformaldehyde and 0.1% glutaraldehyde in Solution D for 15 min at 4°C and then washed thoroughly with 50 mM lysine in Solution D. After blocking with 1% ovalbumin for 10 min, separate samples were incubated overnight at 4'C with anti-cytokeratin, anti-actin, or anti-myosin-I1 antibodies. They were washed three times in Solution D and further incubated with 5-nm gold-labeled goat anti-rabbit IgG Uanssen Pharmaceutica; Beerse, Belgium) for 2 hr at room temperature. Then they were washed four times with Solution D and re-fixed with 1.2% glutaraldehyde in Solution D at 4' C for 30 min. The samples were processed and embedded as described abovc.
To clarify the change in distribution pattem of actin and myosin observed. double labeling experiments with the post-embedding method were performed, using anti-actin and anti-myosin antibodies. After appropriate incubation, bile canalicular membranes were fixed for 10 min in 4% paraformaldehyde, 0.1% glutaraldehyde, 50 mM lysine in Solution A at 4°C and transferred to the same fmativc without lysine for 50 min. Samples were washed three times with 50 mM lysine containing Solution A, then dehydrated in a graded series of ethanol at 4' C and infiltrated overnight at 4'C in 100% Lowicryl K4M. The Lowicryl was polymerized by w radiation. The sections were recovered in nickel grids incubated with PBS containing 3% BSA for 30 min to b l d nonspecific binding of the antibodies. For double labcling, the sections were first incubated with nonmuscle myosin antibody, prepared in rabbits from human platelet myosin-I1 (Biochemical Technologies) at a 1:20 dilution for 2 hr, followed by goat anti-rabbit IgG-10-nm gold spheres (Jansscn Pharmaccutica) at 1:lO dilution for 1 hr, then with monoclonal anti-actin antibody (mouse IgM) (Amersham: Arlington Heights, IL) at a 1500 dilution for 2 hr, followed by goldlabeled goat anti-mouse IgM-5-nm gold spheres at a 1:lO dilution for 1 hr. In a number of experiments, this pattern of labeling was reversed with respect to the gold sizc.zNonspecific labeling of the gold-conjugated second antibody was tested by substituting the specific antibodies by either PBS, non-immune serum, or control ascites fluid; they gave very little labeling.
Analysis of Bile Canalicular Contraction. In each experiment, after incubation the samples were fixed, stained with rhodamine-phalloidin, and scored for contraction. Changes in caliber of canalicular lumina were measured with an IBAS I1 interactive image analyzer (Carl Zeiss: Oberkochen, Germany) and the number showing no change, partial (<XI%), or complete (50-100%) dosure were recorded. Aggregations ofpericanalicular filaments were scored and recorded as the number of canaliculi showing no change, mild (<50%), or marked (50-100%) changes. Each experiment was carried out five times and 50 bile canalicular segments were randomly selected for study from each of the experimental and control groups.
Results

Bile Canaliculus-enriched Membrane Isolation
The isolation procedure was successful in yielding segments of the bile canalicular network that were easily identifiable by fluorescence and electron microscopy. Microfilaments and intermediate filaments of the bile canalicular compartment were relatively well preserved. It should be noted that this preparation method, although useful for this study, does result in increased contamination with other cell components, such as cell debris and occasional nuclei, compared with traditional methods of membrane isolation. The canalicular domains of CCM were readily identified using Mg2'-ATPase reaction (data not shown).
General Observations on CCM and Canalicular Contraction
Fluorescence microscopy using specific anti-keratin and anti-myosin antibodies (green fluorescence) and actin-rhodamine-phalloidin (orange fluorescence) permitted good visualization of the bile canalicular structure, including the cytoskeleton, in both normal and treated CCM preparations (Figures 1-3 ). Double staining with rhodamine-phalloidin and cytokeratin antibody showed the distribution of Factin and intermediate filaments in normal CCM (Figure la) . In the controls, it was noted that an outer region of green fluorescence ( (Figure 3b ) showed co-localization of actin and myosin-11.
The overall results of the contraction experiments based on the fluorescence data are shown in Figures 4a and 4b) . ATP or Ca2+ alone had no significant dfect. After incubation in contraction solution, the numbers of CCM that showed aggregations of pericanalicular filaments (Figure 4b ) and that showed luminal closure (Fig   ure 4a ) were significantly increased. In untreated controls, 21.2 * 1.7% (mean * SEM) (mild aggregation, 16.8 2 0.5%; marked aggregation, 4.4 f 1.5%) was compared to 84.4 2.8% (mild aggregation, 25.6 2 2.9%; marked aggregation, 58.8 2 3.8%) in the treated group. Frequency of bile canalicular luminal closure wasalsoincreasedfrom20.4 * 1.9% (partialclosure, 17.2 2 2.2%; complete closure, 3.2 2 0.5%) in untreated controls, compared to 65.2 2 1.4% (partial closure, 25.2 * 1.0%; total closure 40.9 2.0%) in the Ca2'-ATP-treated group. No changes were observed when ATP was replaced by AMP, ADP, or the ATP analogue AMPPCP.
Observations on CCM by Electron Microscopy and Immunoelectron Microscopy
Bile canalicular membranes and canaliculus-asspciated cytoskeletal components were moderately well preserved. There 'was, however, some loss of microvillous core filaments. Microfilaments, approximately 7 nm in diameter, were distributed as a network around the bile canaliculus; at the level of the belt junctions (zonulae adherentes) these microfilaments appeared to form a circumferential band (Figure 5) . The gold particles (actin label) were present over the microfilament band (Figure 5a) ; myosin-I1 also labeled over these microfilaments (Figure 5b ). This actomyosin band inserted into the adhesion (belt) junction of the intercellular junctional complex. Intermediate filaments labeled with anti-cytokeratin antibody were present in actin microfilament areas and also surrounded the bile canaliculi as an outer sheath (Figure 6a ) The insertion of intermediate sheath filaments into a desmosome was also noted (Figure 6a ). After treatment with contraction solution, the distribution of the microfilament components had changed (Figure 6b ). By immunolabeling, it was noted that gold particles labeling cytokeratin were unchanged (not shown), but the actin and myosin labeling was in the form of clusters of particles over microfilament aggregates (Figures 6c and 6d) . When Figures 6b, 6c , and 6d are compared, it is apparent that the microfilament aggregates shown in Figure 6b represent actin and myosin-11. This is consistent with co-localization of actin and myosin-I1 in the aggregates. It is also noted that some of these aggregates appeared to be attached to intermediate filaments (Figures 6b. 6c, and 6d) .
Double labeling showed that immunogold particles labeling actin (5 nm) and myosin-I1 (10 nm) were found Over the pericanalicular band of microfilaments (Figure 7a ). In the treated bile canaliculi, aggregation of the microfilament network was shown and the clustering of the 5-and lo-nm gold particles was observed Over these aggregated filament clumps (Figure 7b ). The co-localization of actin and myosin-I1 in pericanalicular aggregated clumps was confirmed by the immunoelectron microscopic results.
Discussion
A modified method for preparing isolated bile canaliculi using membrane cytoskeleton-stabilizing, proteolysis-inhibiting buffers is described. The method is similar to that used by others in the isolation of the intestinal brush border (26, 35) . The method yields bile canalicular segments in near-intact form, including a circumferential pericanalicular microfilament belt and the surrounding intermediate filament sheath that defines the outer limits of the bile canalicular compartment in vivo (22, 58) . These CCM preparations permit a more comprehensive study of the pericanalicular actin filament network than was previously possible.
The bile canaliculus is functionally the smallest secretory unit of the liver and each canaliculus is contributed to by two neighboring hepatocytes. Each cell contributes a hemicircumferential band so that the adhesion belt filaments form a circumferential belt of microfilaments around the bile canaliculus (53). We have previously suggested that the pericanalicular actin filaments have a contractile function (36.40.56) and have shown active motile movements in the bile canaliculi by time-lapse microscopy, both in vitro with couplet cells (38) and in the intact liver in vivo (54) . The fluorescence results with phalloidin-rhodamine-labeled actin and antiactin and anti-myosin antibody markers show that, coincident with canalicular membrane contraction, two events occur: apparent reorganization of the actin filaments and myosin-I1 into tightly clumped aggregates (84.4% of treated canaliculi compared with 21.2% in controls) and canalicular lumen narrowing (65.2% of treated canaliculi compared with 20.4% of controls). A minor degree of reorganization of the actomyosin filaments and of contractions noted spontaneously in controls may be attributable to proteolytic effects that occurred despite the use of proteolysis inhibitoa, a finding not unique to this model (21). By electron microscopy, it is evident that the filaments have been rearranged into clumps or aggregates and that there is redistribution of the actin and myosin-I1 labels that co-localize in the filament aggregates with contraction. It is doubtful that this is an artifact of the membrane preparation, since it is seen also in liver cell couplet preparations (53). In the case of myosin-11, it cannot be totally excluded that more soluble myosin molecules from other parts of the apical region of the cell aggregate and form new assemblies on demand (6,30,46) .
It is interesting that most of the actin and myosin-I1 labeling noted is in the circumferential band of pericanalicular microfilaments associated with adherens junctions (49), a band previously noted in permeabilized hepatocyte couplet cells (53). The results of this study are consistent with actin-myosin interaction with reorganization of the contractile filament components. The adherens junction-associated microfilament band of the bile canaliculus is in precisely the same apical location of the cell as are the terminal web filaments of intestinal brush border membranes. In BBMs, the contraction of the terminal web is an actomyosin-based phenomenon that has been well documented (31,32). Recent studies of the BBM show that myosin-I1 is the mechano-chemical transducer of terminal web contraction (6,25,26,31,32,33) , as in other non-muscle cells (1,2,10,16,28,30,41,48,52 ). Force generation is dependent on ATP, Ca2+-calmodulin-dependent phosphorylation of myosin light chains (2,7,10,18,23,46) . It is therefore very significant in this study that actomyosin filament modulation with reorganization of actin filaments and the co-localization with myosin-I1 can be correlated with movement (contraction) of the canalicular membrane itself. This is an important new observation. The demonstration of actin by immunoelectron microscopy has been reported (22,37) . The co-labeling of the actin filaments and of myosin-I1 in the pericanalicular filament band by immunoelectron microscopy has not been reported previously; this is also the first demonstration of apparent myosin-actin filament interaction in the liver. The F-actin microfilaments are easily recognized by their size and by immunogold labeling with anti-actin antibodies. Myosin41 is known to be important for canalicular contraction from studies using phalloidin, in which the impairment of contraction has been linked to phalloidin-induced microfilament changes (50,51) and to changes in myosin-associated Mg2'-ATPase (50). Mg2+-ATPase was also shown to be critical in vasopressin-induced bile canalicular contractions in 48-hr cultured rat hepatocytes (24). Experiments using the myosin light chain kinase inhibitor ML9 also show impairment of canalicular contractions in isolated hepatocyte couplets (55). It is noted that the gold labeled actin and myosin antibodies appear to localize on or immediately adjacent to the actin filaments. The myosin antibody used in these experiments is of the myosin-I1 class, which is a filamentous hexamer with two heavy chains and two pairs of light chains, rather than myosin-I, which is predominantly microvillus associated and is a more globular, single-headed mo- lecular motor (8,29,42,43,46) .
Myosin-I1 has been isolated from BBMs and from other nonmuscle cells and can be made into filaments by changing the salt concentration (4), but its actual form in vivo is also not known. Another parallel between CCM and BBM is that in both membrane preparations, when exposed to Ca2+ and ATP, there is disso-lution and loss of many microvillus-associated microfilaments. In BBM, this has been attributed to changes in calcium-dependent actin binding protein (5,20,34); up to 80% of the myosin can be lost by solation but there is still sufficient myosin remaining to produce contraction of the terminal web (25); a parallel state appears to exist in the CCM, with sufficient preservation of pericanalicular actin, myosin-11, and associated proteins to produce canalicular contraction.
The cytokeratin intermediate filaments appeared little altered by the contraction process. There is question as to the functional role of intermediate filaments in cells, since they do not appear necessary for cell viability (27,39) . On the other hand, they are generally considered important for cytostructural (cytoskeletal) integrity and are considered vital for the formation and maintenance of bile canaliculi (24,40). Detailed studies ofthe respectiw roles of microtubules, intermediate filaments, and actin filaments in bile canalicular contraction and secretion have been reported (24.37). Intermediate filaments comprise an integral part of the cytoskeleton of the canaliculus; phalloidin administration, for example, results not solely in an increase in actin filaments but in intermediate filaments as well (37). The role of intermediate filaments in providing a scaffold is emphasized in these reports; for example, their disruption in certain forms of cholestasis such as mechanical obstruction support this view (37). The results of the present study showing actin-myosin aggregates attached to intermediate filaments are consistent with intermediate filaments providing an important supporting function as a scaffold for the actual contractile apparatus of the canaliculus. There is little doubt, also, that the intermediate filaments in the outer sheath separate the canalicular contractile components, where the dynamic actomyosin-mediated contractions occur, from the rest of the cytoplasm, and hence serve to stabilize the bile canaliculus, thus helping to maintain its integrity, as suggested by other authors (24,40).
We conclude that suiking structural and functional parallels adst with regard to actin filament belts at the apical belt junctions (zonula adherens) of both hepatocytes and intestinal cells. This is of special interest because much is known about the BBM and the present studies suggest that the contractile mechanism of the bile canalicular belt microfilaments is similar to that of the BBM. There are also important differences in the structural organization of these preparations. The cytoskeleton of the terminal web region of the brush border is much more elaborate than that seen in bile canaliculi. There are also differences in the microvilli and intercellular relationships of these two cell types. Despite these differences, it is important to remember that, with regard to the latter, it is well established that contraction of the terminal web of the BBM constricts the apical end of the cell (5,25,31) . In the case of the bile canaliculus, since neighboring cells contribute a hemicanaliculus and the contractile microfilament band surrounds the canalicular lumen they share, contraction of this band gives rise to a pursestring effect with constriction of the canalicular lumen. We have previously hypothesized that canalicular conuaction may be a regulatory mechanism in the liver for controlling or facilitating intrahepatic canalicular bile flow (36,38,40), a hypothesis supported by the demonstration that actin filament inhibitors greatly impair both canalicular structure and bile flow (40). The present report provides important evidence in support of a functional contractile role for bile canaliculus-associated actin filaments and myosin-11.
